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Conditional Deletion of TrkB but Not BDNF
Prevents Epileptogenesis in the Kindling Model
established, this enhanced sensitivity to electrical stim-
ulation persists for the life of the animal.
It remains unclear how pathological levels of neuronal
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Duke University Medical Center process. Converging lines of evidence support the sug-
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2000; Xu et al., 2000). These structural and synaptic
plasticities have been implicated in epileptogenesis
(Nadler et al., 1980; Sutula and Steward, 1987; Golarai
Summary
and Sutula, 1996; Spigelman et al., 1998). Limbic sei-
zures induce 4- to 10-fold increases in BDNF expression
Epileptogenesis is the process whereby a normal brain
(Isackson et al., 1991). Interestingly, increased activation
becomes epileptic. We hypothesized that the neuro-
of TrkB has been identified in the mossy fiber pathway
trophin brain-derived neurotrophic factor (BDNF) acti-
of hippocampus (Binder et al., 1999a; He et al., 2002),
vates its receptor, TrkB, in the hippocampus during
with activation occurring at the same site and time as the
epileptogenesis and that BDNF-mediated activation of
increased BDNF expression. Moreover, intraventricular
TrkB is required for epileptogenesis. We tested these
infusion of TrkB receptor bodies that scavenge ligands
hypotheses in Synapsin-Cre conditional BDNF/ and
and presumably limit activation of TrkB partially inhib-
TrkB/ mice using the kindling model. Despite marked
ited kindling development (Binder et al., 1999b). Al-
reductions of BDNF expression, only a modest impair-
though mice lacking both BDNF alleles in the germline
ment of epileptogenesis and increased hippocampal
die in the neonatal period, elimination of one BDNF allele
TrkB activation were detected in BDNF/ mice. In con-
also partially inhibited kindling development (Kokaia et
trast, reductions of electrophysiological measures and
al., 1995).
no behavioral evidence of epileptogenesis were de-
Taken together, the above evidence led us to hypothe-
tected in TrkB/ mice. Importantly, TrkB/ mice ex-
size that BDNF mediates activation of its receptor, TrkB,
hibited behavioral endpoints of epileptogenesis, tonic-
in the hippocampus during limbic epileptogenesis and
clonic seizures. Whereas TrkB can be activated, and
that BDNF-mediated activation of TrkB is required for
epileptogenesis develops in BDNF/ mice, the plastic-
epileptogenesis in the kindling model. Crossing mice
ity of epileptogenesis is eliminated in TrkB/ mice. Its
with floxed alleles of BDNF or TrkB to mice in which
requirement for epileptogenesis in kindling implicates
Cre recombinase is driven by a Synapsin1 promoter
TrkB and downstream signaling pathways as attrac-
(Syn-Cre) resulted in mice in which BDNF or TrkB alleles
tive molecular targets for drugs for preventing epi-
were selectively eliminated from a subset of central ner-
lepsy.
vous system neurons, and the mutant mice were viable
in adulthood. We tested these hypotheses by quantify-
ing epileptogenesis and hippocampal TrkB activation inIntroduction
wild-type and Syn-Cre conditional BDNF/ and TrkB/
mutant mice.Understanding the mechanisms of limbic epileptogen-
esis in cellular and molecular terms may lead to effective
pharmacologic prevention of this disease. The astute Results
British neurologist William Gowers noted worsening of
the epileptic condition in some patients and proposed Neuron-Specific BDNF Conditional Knockout Mice
that seizures themselves may beget seizures (Gowers, To selectively eliminate BDNF expression from CNS
1881). Discovery of the kindling model by Goddard et al. neurons, mice in which exon 5 of the BDNF gene was
(1969) validated Gowers’s idea; in this model, repeated floxed were crossed to Syn-Cre mice. As a first step in
induction of brief, focal seizures by application of initially analysis of expression of the Syn-Cre transgene, Syn-Cre
subconvulsive electrical stimuli eventually results in pro- mice were crossed to a Rosa-26 reporter line in which
longed, intense focal and tonic-clonic seizures. Once recombination results in expression of -galactosidase.
Immunohistochemical analysis of -galactosidase ac-
tivity revealed widespread expression in pyriform cor-*Correspondence: jmc@neuro.duke.edu
5These authors contributed equally to this work. tex, nuclei within amygdala, thalamus, hypothalamus,
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and brainstem (Figure 1A). Expression within neocortex
was largely restricted to the lower boundary of layer IV
(Figure 1A). Because limbic epileptogenesis is associ-
ated with increased activation of TrkB in the mossy fiber
pathway of hippocampus (He et al., 2002), the effects
of the recombination were studied in detail in the hippo-
campus. High levels of Cre activity were evident in the
dentate granule and CA3 pyramidal cells, with lower
levels of activity in the CA1 pyramidal cells, as reflected
by drastically reduced -galactosidase activity (Figure
1A). More detailed analysis revealed robust expression
of -galactosidase in the dentate granule cells and neu-
rons of the dentate hilus as well as CA3 pyramidal cells
(Figure 1B, center), as reflected in overlapping (yellow
in Figure 1B, right) immunoreactivity of -galactosidase
(green in Figure 1B, center) and the neuronal marker
NeuN (red in Figure 1B, left). The presence of effective
recombination of the BDNF exon 5 per se was confirmed
by in situ hybridization, as evident in the absence of
silver grains overlying the dentate granule and CA3 pyra-
midal cells in BDNF/ mice (Figure 1C, right) in compari-
son to wild-type controls (Figure 1C, left). Note the per-
sistence of silver grains overlying the CA1 pyramidal
cells in both the wild-type and BDNF mutant mice (Figure
1C, left and right, respectively), reflecting less effective
recombination in CA1 pyramidal cells. Whether the ab-
sence of Cre in some CNS neurons is due to the exclu-
sion of critical regulatory elements from the Synapsin1
promoter within the transgene and/or the site in the
genome at which the transgene inserted is uncertain.
Measuring BDNF protein expression in hippocampal
homogenates with an ELISA assay revealed that the
majority (79%) of BDNF was eliminated in the null mutant
mice (BDNF/ and / were 100  18 and 512  33
ng/g, respectively; p 0.05) (Figure 2A, left). Immunohis-
tochemical experiments were subsequently performed
to assess the anatomic distribution of the residual BDNF
in the hippocampus of BDNF/ mutants. To enhance
the sensitivity of detecting BDNF expression, BDNF im-
munohistochemistry was performed on additional ani-
mals of all three genotypes one day following a class 4
or 5 kindled seizure. Confirming previous reports (YanFigure 1. Characterization of Syn-Cre Reporter and BDNF and TrkB
et al., 1997; Danzer et al., 2004), the most prominentMutant Mice
BDNF immunoreactivity in unstimulated / mice was(A) -galactosidase staining in coronal sections of reporter mice.
evident in the mossy fiber pathway of the hippocampusFor analysis of Syn-Cre expression, Syn-Cre mice were crossed to
a Rosa-26 reporter line in which -galactosidase expression reflects (Figure 2Ba, arrows); marked increases in immunoreac-
Cre expression. Note that -galactosidase activity (blue) is wide- tivity in the mossy fiber pathway and the pyramidal cell
spread in neocortex, pyriform cortex, amygdala, thalamus, hypo- layers were evident following a kindled seizure (Figure
thalamus, hippocampus, and brainstem. 2Bd). This immunoreactivity was markedly reduced in
(B) Double-labeling immunoanalysis of Cre in hippocampus. Over-
the unstimulated / mice as compared to unstimu-lapping (right, yellow) immunoreactivities of NeuN (left, red) and
lated/mice (Figure 2Bb), but increases were evident-galactosidase (center, green) indicate that Cre-mediated recom-
bination specifically occurs in dentate granule cells and CA3 pyrami- following a kindled seizure in the/mice (Figure 2Be).
dal neurons. The immunoreactivity was eliminated in the unstimu-
(C) Selective elimination of BDNF mRNA from hippocampus of lated / mice, and no increase was seen even after a
BDNF/. In situ hybridization using a probe for BDNF exon 5 in/ kindled seizure (Figures 2Bc and 2Bf, respectively); the
mice (left) revealed abundant BDNF transcript in all hippocampal
residual immunoreactivity evident in the / mice (Fig-subregions, including CA1-3, dentate hilus, and dentate gyrus. How-
ure 2Bc and 2Bf) was similar to that seen in the absenceever, BDNF expression was ablated in the dentate gyrus and CA3
but persisted in CA1 region, reflecting less effective recombination of primary antibody (data not shown) and was likely due
in CA1 pyramidal cells in / mice (right).
(D) Selective elimination of TrkB mRNA from hippocampus. In situ
hybridization using an antisense TrkB probe in / mice (left) re-
vealed abundant TrkB transcript in all hippocampal subregions, in- maintained in CA1 region in / mice (right).
cluding CA1-3, dentate hilus, and dentate gyrus. However, as in (C), (E) Nissl-stained sections of TrkB/ (left) and/ (right) mice reveal
TrkB expression was ablated in the dentate gyrus and CA3 but no overt abnormalities within the hippocampus.
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increased number of stimulations required to elicit be-
havioral seizures in comparison to / controls, with
intermediate effects evident in / mice (Figures 3A
and 3C). These differences were most apparent in the
number of stimulations required to evoke a limbic sei-
zure termed class 2 (Figure 3C; 12.1  2.5 and 5.9 
0.5 for / and /, respectively; p  0.01). Once the
first class 2 seizure had been evoked, similar numbers
of stimulations were sufficient to induce progression
through subsequent classes of kindled seizures for all
three genotypes. The number of stimulations required
to induce the third consecutive class 4 or 5 seizure was
14.8  0.9, 16.9  1.6, and 22.5  3.8 for /, /,
and / mice, respectively (Figures 3A and 3C; p 
0.05). Despite the increased number of stimulations re-
quired to induce behavioral seizures in the / mice,
an increase of electrographic seizure duration approxi-
mated 300%–400% in all three genotypes during the
development of kindling (Figure 3B). No significant dif-
ferences in the current that was required to induce the
initial electrographic seizure were evident (155  14,
172  30, and 230  56 A for /, /, and /
mice, respectively).
Seizure-Induced Increased phospho-Trk
Immunoreactivity in BDNF Mutant Mice
Our previous work established the presence of in-
creased phosphorylation of the BDNF receptor TrkB inFigure 2. Prominent Reduction of BDNF Expression in BDNF/
the mossy fiber pathway of hippocampus during limbicMice
epileptogenesis (Binder et al., 1999a; He et al., 2002).(A) Neurotrophin expression in hippocampus of BDNF/ and /
mice. The contents of BDNF (left), NT-4 (center), and NT-3 (right) The concordance in the temporal and spatial patterns of
were measured from hippocampal homogenates of BDNF/ and increased BDNF expression and TrkB phosphorylation
/ by sandwich ELISA method. Each symbol represents a result during limbic epileptogenesis (Isackson et al., 1991; Gall,
from an individual mouse. The data are mean  SEM. Single aster- 1993; Binder et al., 1999a) led us to hypothesize that
isks (*) refer to p  0.05; double asterisk (**) refers to p  0.01 by
the release and subsequent binding of BDNF to TrkBone-way ANOVA with post hoc Bonferroni’s test.
triggered the increased phosphorylation of TrkB that(B) Elimination of BDNF immunoreactivity in BDNF mutant mice.
was detected in our immunohistochemical and bio-BDNF immunohistochemistry was performed by specific BDNF anti-
body in the coronal sections from BDNF/ (Ba and Bd), / (Bb chemical studies (Binder et al., 1999a; He et al., 2002).
and Be), and / (Bc and Bf) mice in the absence of a stimulation Confirming our previous results (Binder et al., 1999a; He
(Ba–Bc) or sacrificed 24 hr after an evoked class 4 or 5 kindled et al., 2002), increased phospho-Trk (p-Trk) immunore-
seizure (Bd–Bf). Arrows denote immunoreactivity in dentate hilus activity was evident in the mossy fiber pathway of stimu-
and stratum lucidum. Note that the immunoreactivity was eliminated
lated / mice in comparison to unstimulated controlin the unstimulated / mouse even after a kindled seizure; the
/mice (see arrows in Figure 4D compared to 4A). Theresidual immunoreactivity evident in the / mice was similar to
increased immunoreactivity was evident in the dentatethat seen in the absence of primary antibody (data not shown) and
most likely due to nonspecific binding of secondary antibody. Scale hilus and stratum lucidum of CA3a, -b, and -c bilaterally
bar, 650 m. (only one hippocampus is shown) in all brain sections
that were examined; no overt changes of p-Trk immuno-
reactivity were noted in CA1, in stratum radiatum of
to nonspecific binding of secondary antibody. Taken CA3, or in the molecular layer of the dentate gyrus.
together, the findings from in situ hybridization, mea- Surprisingly, a seizure that was evoked in BDNF/ mice
sures of BDNF protein, and immunohistochemistry dem- evoked increased p-Trk immunoreactivity in the mossy
onstrate the efficacy of the Cre recombinase in virtually fiber pathway similar to that of / mice (compare Fig-
eliminating BDNF expression in the dentate granule and ure 4F with 4C); likewise, seizures evoked in / mice
CA3 pyramidal cells but reveal some residual BDNF resulted in increased p-Trk immunoreactivity in the
mRNA expression in CA1 pyramidal cells. The ELISA mossy fiber pathway (compare Figure 4E with 4B). Quan-
results reveal some residual BDNF protein in the / titative analyses confirmed the findings and demon-
mutants, but this protein escaped detection in the immu- strated significant increases of p-Trk immunoreactivity
nohistochemical experiments even after induced sei- of similar magnitude following evoked kindled seizures
zures. in /, /, and / mice in the hilar border and
dentate hilus (Figure 5A). However, the seizure-induced
Partial Inhibition of Kindling Development in BDNF increases of p-Trk immunoreactivity in stratum lucidum
Null Mutant Mice in / mice were slightly less than those in / and
To our surprise, BDNF/ mice exhibited only a modest /mice (Figure 5B) and were not significantly different
from those in unstimulated / animals.impairment of limbic epileptogenesis, as evident in the
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Figure 3. Partial Inhibition of Kindling Devel-
opment in BDNF/ Mice
Kindling development is presented as behav-
ioral seizure class (A) and electrographic sei-
zure duration (B) (y axis). Stimulation number
(x axis) refers to the number of stimulations
that evoked an electrographic seizure with
duration of at least 5 s. (C) Number of stimula-
tions required to reach different seizure
classes in / (n  21), / (n  10), and
/ (n  10) mice. Fully kindled stage is de-
fined by the occurrence of three consecutive
seizures of class 4 or greater. All data are
presented as mean  SEM. *p  0.05; **p 
0.01; one-way ANOVA with post hoc Bonfer-
roni’s test.
Our previous studies established that TrkB in particu- Trk receptors was assessed by probing immunoblots
of the immunoprecipitates with an antibody specific tolar was the Trk receptor undergoing phosphorylation
during epileptogenesis in/mice (Binder et al., 1999a; TrkB. A representative experiment (Figure 6A) reveals
increased p-TrkB immunoreactivity following seizuresHe et al., 2002). Because the p-Trk antibody (pY490 Ab)
that was used for immunohistochemistry can detect the induced in both / and / mice, a result that was
confirmed in two additional experiments (data notphosphorylated tyrosine residue in TrkA, TrkB, or TrkC
(Segal et al., 1996), we wondered whether TrkB itself shown). Importantly, no differences in TrkB content per
se were detected in immunoblots of hippocampal ho-exhibited increased phosphorylation in the hippocam-
pus of BDNF/ mice during epileptogenesis. To test mogenates in the absence of prior immunoprecipitation,
as reflected in a representative experiment (Figure 6B),this idea, an alternative model of limbic epileptogenesis
was used, namely kainate status epilepticus, because thereby demonstrating that the increases of p-TrkB at
24 hr after seizures represented posttranslational modi-it is far less labor intensive than kindling, yet increased
phosphorylation of Trk is evident in this model as well fications of similar numbers of TrkB molecules. To-
gether, the immunohistochemical and biochemical re-(Binder et al., 1999a; Danzer et al., 2004). Biochemical
methods were used, because these methods permit one sults establish that TrkB in hippocampus undergoes
phosphorylation following seizures in both BDNF/ andto directly determine whether TrkB itself undergoes in-
creased phosphorylation, whereas the antibody avail- / mice.
able for the immunohistochemical method does not per-
mit one to distinguish among individual Trks. BDNF/ Neurotrophin Expression in Hippocampus
of Wild-Type and BDNF Mutant Miceand / mice were sacrificed 24 hr after kainic acid-
induced seizures. The phosphorylated Trk receptors The fact that seizures can evoke activation of TrkB de-
spite striking reductions of BDNF raised the possibilitywere immunoprecipitated with the pY490 Ab; the pres-
ence of TrkB in the immunoprecipitated phosphorylated of compensatory responses of other neurotrophins that
TrkB Deletion Prevents Epileptogenesis
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Figure 4. Seizure-Induced Increased p-Trk Immunoreactivity in
BDNF Mutant Mice
(A–C) p-Trk immunoreactivity in unstimulated /, /, and /
mice. Note the absence of detectable immunoreactivity in dentate
hilus and CA3 stratum lucidum of hippocampus.
(D–F) p-Trk immunoreactivity in BDNF/, /, and / mice 24 hr
after a class 4 or 5 seizure evoked by stimulation of right amygdala.
Arrows denote immunoreactivity in dentate hilus and stratum lu-
cidum in stimulated /, /, and / mice. Scale bar, 650 m.
might activate TrkB in the BDNF/ mice. To address
this question, neurotrophin-4 (NT-4) and neurotrophin-3
(NT-3) content was measured in hippocampal homoge-
nates of BDNF/ and / mice. No significant differ-
ence was detected in the constitutive expression of NT-4
protein between/ and/mice (Figure 2A, middle).
In contrast to NT-4, a significant (39%) increase of con-
stitutive expression of NT-3 protein in hippocampus was Figure 5. Quantitative Analyses of p-Trk Immunoreactivity in Hippo-
campal Subregions of Stimulated and Unstimulated BDNF/, /,detected in / compared to / mice (529  21 and
and / Mice379  19 ng/g for / and /, respectively; p  0.01)
P-Trk immunoreactivity was analyzed in dentate gyrus (A) and CA3(Figure 2A, left). Together, these findings demonstrate
(B) regions of BDNF/, /, and / mice that were sacrificed 24a compensatory response evident in increased expres-
hr after kindled seizures. Relative p-Trk immunoreactivity refers tosion of hippocampal NT-3 protein content in BDNF/
the mean  SEM of the percentage reduction in gray value in the
mutants compared to / mice, raising the possibility given subregions compared with corpus callosum (see the Experi-
that compensatory increases in NT-3 expression may mental Procedures); high values reflect more intense immunoreac-
tivity. *p 0.05, compared with unstimulated mice (one-way ANOVAcontribute to TrkB activation and limbic epileptogenesis
with post hoc Bonferroni’s test).in the BDNF/ mice.
Neuron-Specific TrkB Conditional Knockout Mice
The tight association between enhanced phosphoryla- Note the persistence of silver grains overlying the CA1
pyramidal cells in both the wild-type and TrkB/ mutanttion of TrkB and limbic epileptogenesis in the BDNF/
mice provided additional circumstantial evidence that mice (Figure 1D, left and right, respectively), reflecting
less effective recombination in CA1 pyramidal cells.TrkB is required for limbic epileptogenesis. We reasoned
that any compensatory responses of ligands, such as Nissl staining revealed a cellular pattern in TrkB/ hip-
pocampus (Figure 1E, right) that was indistinguishablethe increased NT-3 expression in the BDNF/ mice, may
be less efficient or absent when targeting the neuro- from that of wild-type mice (Figure 1E, left). The results
of in situ hybridization were further assessed by mea-trophin receptor itself. We therefore crossed the Syn-
Cre mice to mice in which the TrkB allele was floxed, sures of TrkB protein by Western blotting of microdis-
sected hippocampal subregions dentate, CA3, and CA1permitting selective elimination of TrkB from CNS neu-
rons in an anatomic pattern similar to that of BDNF (Figure 7). Western blotting was performed instead
of immunohistochemistry, because available anti-TrkBelimination. The presence of effective recombination of
the TrkB exon 1 in a pattern similar to the BDNF allele antibodies did not selectively label TrkB in immunohisto-
chemistry experiments in our hands. No full-length TrkBwas confirmed by in situ hybridization, as evident in the
absence of silver grains overlying the dentate granule protein was detectable in either dentate or CA3 of
TrkB/ in comparison to wild-type controls, whereas aand CA3 pyramidal cells in TrkB/ mice (Figure 1D, right)
in comparison to wild-type controls (Figure 1D, left). partial reduction of TrkB protein was evident in CA1.
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Figure 6. Increased Phosphorylation of Hippocampal TrkB Recep-
tor during Epileptogenesis in BDNF/ Mice
(A) A representative Western blot analysis of p-TrkB. The hippocam-
pal homogenate from / and / mice sacrificed 24 hr after
saline or kainic acid treatment were immunoprecipitated with pY490
antibody followed by immunoblotting with anti-TrkB antibody. Simi-
lar results were obtained in two additional experiments.
(B) A representative Western blot analysis of hippocampal TrkB
expression 24 hr following seizures in BDNF/ and/mice. Simi-
lar results were obtained in at least five additional experiments.
(Top) Hippocampal homogenate was probed by TrkB antibody. (Bot-
tom) The same blot was stripped and reprobed with anti--actin
antibody (Chemicon) for loading control. Figure 7. Efficacy of Excision of Floxed TrkB Alleles
Western blot using anti-TrkB antibody (BD Transduction Labora-
tories, Franklin Lakes, NJ) was performed on homogenates of mi-
Residual expression of truncated TrkB was detected in crodissected hippocampus of wild-type, Cre control (Syn-Cre/
TrkBwt/wt), flox control (Syn-Cre/TrkBflox/flox), TrkB/ (Syn-Cre/all three subregions, presumably reflecting the expres-
BDNFwt/flox), and TrkB/ (Syn-Cre/BDNFflox/flox). Note the absence ofsion of the truncated but not the full-length isoform in
detectable full-length TrkB in DG and CA3 in TrkB/ mice yet abun-glia (Frisen et al., 1993), which would not be expected
dant full-length TrkB in CA1. By contrast, note relative preservation
to express Cre driven by the neuron-specific pro- of truncated TrkB in DG and CA3 regardless of genotype. The blot
moter Synapsin1. was probed for -actin as a control for loading and transfer.
Prevention of Kindling Development
in TrkB Mutant Mice /mice; the number of stimulations required to induce
the third consecutive class 4 or 5 seizure was 9.5  1.2In sharp contrast to the BDNF/ mice, it was not possi-
ble to induce limbic epileptogenesis in TrkB/ mice, as and 14.5  1.9 for / and / mice, respectively
(Figures 8A and 8C; p  0.05).evident in the absence of evoked behavioral seizures
even after 48 to 50 stimulations (Figure 8A). Measures Significant increases were identified in the current
required to trigger the initial electrographic seizure inof evoked electrographic seizure duration also revealed
inhibition of epileptogenesis. That is, in contrast to the the TrkB/ mice (610  18, 675  16, and 960  22 A
in /, /, and / mice, respectively; p  0.05).200% increase of electrographic seizure duration that
was evident by the tenth stimulation of the TrkB/ and Importantly, differences in the current intensity required
to evoke the initial electrographic seizure do not corre-/ mice, only a 100% increase of electrographic sei-
zure duration was evident by the twenty-first stimulation late with differences in epileptogenesis as measured
in the kindling paradigm (Racine, 1972). In the presentof the TrkB/ mice, and no further increase was ob-
served even after 48 to 50 stimulations (Figure 8B). Im- study, subsets of both / and / mice exhibited
elevated current intensities similar to those of the /portantly, the development of kindling in the / mice
in this experiment was similar to that in the / mice mice, yet epileptogenesis proceeded in a pattern that
was both quantitatively and qualitatively indistinguish-in the BDNF experiment, as evident in the progressive
increase of behavioral seizure intensity and electro- able from the subset of / and / mice with lower
current intensities. Finally, the duration of the initiallygraphic seizure duration induced by similar numbers of
repeated stimulations (Figures 3 and 8). Although no evoked electrographic seizure was not significantly dif-
ferent among the three genotypes (12  2, 10  1, 9 behavioral evidence of kindling development was de-
tected in TrkB/ mice, only modest inhibition of kindling 2 s in/,/, and/mice; respectively; p 0.372)
(Figure 8B). Together, these findings indicate that ele-development was evident in the TrkB/ compared to
TrkB Deletion Prevents Epileptogenesis
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Figure 8. Striking Inhibition of Kindling De-
velopment in TrkB/ Mice
Kindling development is presented as behav-
ioral seizure class (A) and electrographic sei-
zure duration (B) (y axis). Stimulation number
(x axis) refers to the number of stimulations
that evoked an electrographic seizure with
duration of at least 5 s. (C) Number of stimula-
tions required to reach different seizure
classes in / (n  16), / (n  16), and
/ (n  4) mice. Fully kindled stage is de-
fined by the occurrence of three consecutive
seizures of class 4 or greater. All data are
presented as mean  SEM. *p  0.05; **p 
0.01; one-way ANOVA with post hoc Bonfer-
roni’s test.
vated current thresholds evident in the TrkB/ mice are Additional experiments determined the threshold of
current that was required to evoke a seizure and alsonot sufficient to explain the impairment of epilepto-
genesis. determined whether a predominantly clonic seizure
could be evoked in both TrkB/ and / mice. A mini-
mal electroshock seizure was evoked in all / andElectroconvulsive Shock Seizures
Despite the absence of overt histological abnormality / mice; the stereotypical pattern of the initial phase,
consisting of flexion of the head with clonic movementsor defective motor function, the possibility persisted that
the absence of TrkB impacted neuronal structure and/ of the head and face and all four extremities, was ob-
served in all / and / mice. The current that wasor function such that the TrkB/ mice were incapable
of exhibiting the behavioral endpoint of kindling, namely required to evoke the seizure was similar in / (9.7 
0.7 mA) and/ (10.3 0.7 mA) mice; the duration wasa tonic-clonic seizure. To address this possibility, elec-
troconvulsive shocks were administered by transcor- slightly but not significantly longer in the/ (45 14 s)
compared to the / (30  7 s) mice. Thus, the TrkB/neal stimulation, and the occurrence and duration of
seizures were recorded by an investigator who was mice are capable of expressing a predominantly clonic
seizure with features similar to class 1 and 2 kindled sei-blinded to genotype. A maximal stimulus evoked typical
tonic-clonic seizures in mice of all three genotypes. The zures.
duration of initial tonic flexion was 3.0  0.1, 3.0 
0.1, and 2.9  0.2 s in TrkB/, /, and / mice, Discussion
respectively (p  0.05). The duration of tonic hindlimb
extension was 12.2  1.7, 11.2  0.7, and 11.0  1.3 s We hypothesized that the neurotrophin BDNF mediates
activation of its receptor, TrkB, in the hippocampus dur-in TrkB/, /, and / mice, respectively (p  0.05).
Thus, the TrkB/ mice are fully capable of expressing ing epileptogenesis and that BDNF-mediated activation
of TrkB is required for epileptogenesis in the kindlinga behavioral endpoint of kindling, a tonic-clonic seizure.
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model. We tested these hypotheses by quantifying epi- (Racine, 1972). Whereas the duration of the initial evoked
electrographic seizure was similar among TrkB/,/,leptogenesis and hippocampal TrkB activation of wild-
type, BDNF/, and TrkB/ mice. Four principal findings and / mice, the progressive increase in duration of
the electrographic seizure with successive stimulationsemerged. (1) Despite marked reductions of BDNF ex-
pression in multiple populations of CNS neurons, only was delayed, and the magnitude attenuated in TrkB/
compared to TrkB/ and / mice. Interestingly, thea modest impairment of epileptogenesis was observed
in the BDNF/ mice. (2) Although BDNF was virtually duration of the electrographic seizure reached 200% of
control by the twenty-first stimulation in the TrkB/ miceeliminated from the dentate granule and CA3 pyramidal
cells, significant increases of Trk activation were de- and did not increase further even after 48 to 50 stimula-
tions; whether the modest increases that were observedtected in some but not all parts of the mossy fiber path-
way of BDNF/ mice. (3) Measures of other neurotroph- reflect residual TrkB locally in the amygdala or a TrkB-
independent process is uncertain. Just as focal electro-ins revealed an increase in NT-3 but not NT-4 protein
in the hippocampus of BDNF/ mice. (4) In sharp con- graphic seizures of similar duration were initially induced
in TrkB/ mice compared to TrkB/ and / mice,trast to BDNF/ mice, no behavioral evidence of epilep-
togenesis was detectable in TrkB/ mice, yet TrkB/ tonic-clonic seizures of equivalent duration and intensity
were evoked by a maximal electroshock stimulus ofmice exhibited electroshock-induced tonic-clonic and
clonic seizures similar to wild-type controls. These find- TrkB/,/, and/mice. Moreover, a minimal elec-
troshock stimulus of similar intensity triggered clonicings demonstrate that TrkB can be phosphorylated and
that epileptogenesis can proceed in BDNF/ mice, al- seizures of head, face, and limbs resembling class 1
and 2 kindled seizures in both TrkB/ and / mice.beit both phosphorylation and epileptogenesis are im-
paired in comparison to wild-type mice. By contrast, These results demonstrate that the structural and func-
tional connections that are required to exhibit behavioralelimination of the TrkB receptor itself selectively pre-
vents the plastic response of epileptogenesis in the kin- seizures are present in the TrkB/ mice. While fully ca-
pable of exhibiting both focal electrographic and elec-dling model while preserving the ability to express both
electrographic and behavioral seizures indistinguish- troshock-induced clonic and tonic-clonic seizures, the
plasticity that is required for transforming a normal brainable from wild-type controls.
Contrary to our initial hypothesis, epileptogenesis was to an epileptic brain in the kindling model was selectively
eliminated in the TrkB/ mice. In contrast to the presentreadily inducible in the BDNF/ mice, with a modest
inhibition evident only in the early stages. Also contrary findings, intraventricular infusion of a TrkB ligand-scav-
enging protein in adult rats only partially inhibited kin-to our initial hypothesis, increased activation of TrkB
was detected during epileptogenesis in the BDNF/ dling development (Binder et al., 1999b). We suspect
that the limited spatial distribution of the TrkB ligand-mice, although the immunohistochemical analyses re-
vealed more modest activation compared to wild-type scavenging protein underlies the partial effects that
were previously observed.mice. What mediated the increased TrkB activation in
the mossy fiber pathway during epileptogenesis in the A major focus of epilepsy research in the past decade
has centered on elucidating the mechanisms of epilep-BDNF/ mice? The increased expression of NT-3 pro-
tein in the BDNF/ mice is an interesting possibility togenesis in cellular and molecular terms, with the goal
being to develop small molecules for preventing epi-because of both NT-3’s ability to activate TrkB (Klein et
al., 1991; Soppet et al., 1991; Farinas et al., 1998) and lepsy in high risk-individuals. Availability of animal mod-
els has been critical to this effort. Kindling is an animalthe localization of NT-3 to the dentate granule cells (Ern-
fors et al., 1990; Maisonpierre et al., 1990), whose mossy model that has been widely studied, in part because it
permits quantifying epileptogenesis in vivo. Genetic andfiber axons coincide with the spatial distribution of the
activated TrkB. Indeed, the increased expression of pharmacological perturbations of diverse intercellular
signaling pathways using neurotrophins as well as gluta-NT-3 may also contribute to epileptogenesis in the
BDNF/ mice, because the partial inhibition of epilepto- mate, GABA, norepinephrine, adenosine, opiates, and
other transmitters led to the identification of a subsetgenesis that was reported in NT-3 heterozygotes (Elmer
et al., 1997) implies that endogenous NT-3 can promote of ligand-receptor interactions that can regulate epilep-
togenesis in the kindling model (McNamara et al., 1987;epileptogenesis in the kindling model. Additional possi-
bilities include residual BDNF that may have escaped Lo¨scher, 2002). Among this subset, perturbations that
are thought to limit activation of NMDA or promote acti-detection with the immunohistochemistry or even trans-
activation of the TrkB receptor through a G protein- vation of GABAA receptors exert the most powerful inhib-
itory effects on epileptogenesis; yet in each instance,coupled receptor as mediated by activation of an A2A
adenosine receptor (Lee and Chao, 2001). the inhibition is only partial, such that behavioral and
electrophysiological evidence of epileptogenesis is evi-The present findings demonstrate that TrkB is re-
quired for limbic epileptogenesis in the kindling model. dent in the presence of the intervention (McNamara et
al., 1988; Schwark and Haluska, 1987; Holmes et al.,In contrast to the modest inhibition of epileptogenesis
evident in the TrkB/ mice, no behavioral seizure of any 1990; Silver et al., 1991; Lo¨scher et al., 1998).
The present work demonstrates that a conditional de-type was observed after even 50 electrographic seizures
evoked by focal stimulation of the amygdala in TrkB/ letion of the neurotrophin receptor TrkB from subsets
of CNS neurons actually prevents behavioral evidencemice. Importantly, electrical stimulation of the amygdala
successfully evoked electrographic seizures in TrkB/ of epileptogenesis in the kindling model. This study
demonstrates that TrkB plays an essential, not merelyas well as TrkB/ and / mice; this is important be-
cause the focal electrographic seizure is the absolute regulatory, role in epileptogenesis in the kindling model.
This requirement focuses the search for mechanisms ofprerequisite for epileptogenesis in the kindling model
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in vitro transcription using T7 RNA polymerase with a 350 bp linear-epileptogenesis in this model on structural and func-
ized clone from the coding exon 5 of the BDNF gene. Similarly, intional consequence(s) of TrkB activation. The enhanced
situ hybridization using a 420 bp antisense probe spanning theactivation of TrkB in the mossy fiber pathway in particu-
tyrosine kinase domain of the TrkB protein was performed. All other
lar provides one anatomic locale for the search. Poten- steps were performed as previously described by B.W.L. et al., sub-
tial structural consequences of enhanced TrkB activa- mitted.
In the present study, the genotype of each animal was assessedtion include formation of basilar dendrites and sprouting
twice using PCR of genomic DNA isolated from tail (before ex-of mossy fiber axons of the dentate granule cells; these
periment) and liver (after sacrifice). As specified in the followingmorphological plasticities have been identified in animal
sentences, symbols in parentheses following genotype specify pres-models of epilepsy (Nadler et al., 1980; Sutula and Stew-
ence () or absence () of the BDNF or TrkB allele. Seven Syn-
ard, 1987; Golarai and Sutula, 1996; Spigelman et al., 1998) Cre/BDNFwt/wt (/), 16 Syn-Cre/BDNFwt/flox (/), 16 Syn-Cre/
and are thought to underlie aberrant recurrent excitatory BDNFflox/flox (/), 16 Syn-Cre/BDNFwt/flox (/), and 16 Syn-Cre/
BDNFflox/flox (/) were included in kindling experiments. Becausesynaptic circuits promoting hyperexcitability. Because
both Syn-Cre/BDNFwt/flox (/) and Syn-Cre/BDNFflox/flox (/) car-biolistic transfection of a dentate granule cell in explant
ried two BDNF alleles and exhibited no significant differences withculture with BDNF but not NGF is sufficient to increase
respect to kindling development in comparison to Syn-Cre/axonal branching and basilar dendrite number (Danzer
BDNFwt/wt (/) mice (data not shown), the data from these three
et al., 2002), these morphological plasticities may be genotypes were pooled and used as wild-type controls. Similarly,
one mechanism by which enhanced TrkB activation in the rate of kindling development did not differ among six Syn-Cre/
TrkBwt/wt (/), five Syn-Cre/TrkBwt/wt (/), and five Syn-Cre/the mossy fiber pathway could promote epileptogen-
TrkBflox/flox (/), and thus these mice were pooled and used asesis. A potential functional consequence of enhanced
wild-type controls for 16 Syn-Cre/TrkBwt/flox (/) and four Syn-Cre/TrkB activation that might promote epileptogenesis is
TrkBflox/flox (/).long-term potentiation (LTP) of excitatory synaptic
The mice that were used for kindling experiments were 2–4 months
transmission. Collectively, previous studies support the old. The body weight was similar among three groups of BDNF mice
proposal that induction of LTP is necessary but not (28.75  0.96 g for /, 28.80  1.58 g for /, 29.00  1.57 g for
/; p 0.05). The TrkB/ mice exhibited a 25% reduction of bodysufficient for epileptogenesis in the kindling model (Su-
weight (29  1 g for /, 32  1 g for /, and 22  2 g for /;tula and Steward, 1987; Golarai and Sutula, 1996). Analy-
p  0.003).ses of LTP using both pharmacological and genetic per-
turbations implicate activation of TrkB by BDNF in
development of long-lasting LTP at the Schaffer collat- Surgery and Kindling
Under pentobarbital (60 mg/kg) or isofluorane (2%) anesthesia, aeral-CA1 synapse (Patterson et al., 1996; Korte et al.,
bipolar electrode used for stimulation and recording was stereotac-1998; Minichiello et al., 1999; Muller et al., 2000; Xu et
tically implanted in the right amygdala using the following coordi-al., 2000); whether enhanced activation of TrkB would
nates with bregma as the reference: 1.2 mm posterior, 2.9 mm lateral,
promote formation of LTP in the mossy fiber-CA3 syn- 4.6 mm below dura. After a postoperative recovery period of 2
apse or other synapses in the mossy fiber pathway is weeks, the electrographic seizure threshold (EST) was determined
by application of a 1 s train of 1 ms biphasic rectangular pulses atpresently unclear.
60 Hz beginning at 60 A. Additional stimulations increasing by 20The present findings raise the questions of precisely
A were administered at 1 min intervals until an electrographicwhere, when, and how TrkB activation is required for
seizure lasting at least 5 s was detected on the electroencephalo-epileptogenesis in the kindling model. Determining
gram (EEG) recorded from the amygdala. Stimulations at the inten-
whether TrkB activation is required for epileptogenesis sity of EST were subsequently administered following the standard
in additional models of limbic epilepsy must also be amygdala kindling protocol that was described previously in detail
(He et al., 2002). EEG and behavioral seizures were observed andaddressed. Development of transgenic mice expressing
recorded. The behavioral manifestations of seizures were classifiedCre recombinase in desired subsets of CNS neurons
according to a modification of the description of Racine (1972): 1,under temporal control will provide valuable tools to
facial clonus; 2, head nodding; 3, unilateral forelimb clonus; 4, rear-address these questions.
ing with bilateral forelimb clonus; 5, rearing and falling (loss of pos-
tural control); 6, running or bouncing seizures; and 7, tonic hindlimb
extension. Unless specified otherwise, mice were stimulated untilExperimental Procedures
fully kindled, as defined by the occurrence of three consecutive
seizures of class 4 or greater. The surgery and kindling proceduresMice
BDNF and TrkB mutant mice in a 129/C57/ICR background were were performed by an individual who was blinded to genotype of the
animals. Unstimulated control animals of each genotype underwentgenerated with Cre/loxP technology (Gu et al., 1994) as described
previously (Zhu et al., 2001) (L.M. Monteggia et al., submitted). For surgical implantation of an electrode in amygdala and were handled
identically but were not stimulated.the BDNF mutant mice, exon 5, the exon encoding the entire BDNF
protein, was flanked with two loxP sites (“floxed”). For the TrkB To test for seizure-induced increase of p-Trk immunoreactivity,
an additional stimulation of the same intensity that was used in themutant mice, exon 1 of the TrkB gene, which encodes the signal
peptide and the first 40 amino acids of the N terminus of TrkB, kindling procedure was administered after a 2 week stimulation-
free period following the third consecutive seizure of class 4 orwas floxed. Crossing either a BDNF or a TrkB floxed mouse to a
transgenic mouse carrying Cre driven by a Synapsin1 promoter greater to the BDNF mutant mice and their controls. Twenty-four
hours after the last stimulation, both experimental and control ani-(Syn-Cre) generated progeny in which expression of the floxed gene
was selectively eliminated in a subset of CNS neurons (Figure 1). mals were perfused transcardially under deep pentobarbital anes-
thesia with ice-cold 4% paraformaldehyde in 0.1 M phosphate buf-To further assess the pattern of expression in areas relevant to the
present study, Syn-Cre mice were crossed to Rosa-26 reporter mice fered saline (1	 PBS) containing 1 mM sodium orthovanadate
(PBSV) for 5 min at a flow rate of 7.5 ml/min. The brains were(Soriano, 1999). Patterns of expression of NeuN (red) and -galacto-
sidase (green) were assessed in immunohistochemical experiments removed, postfixed in the same solution overnight at 4
C, and cryo-
protected in 20% sucrose in 1	 PBSV until they sank. Coronalusing primary antibodies from Chemicon. In situ hybridization using
a probe from exon 5 of the BDNF gene was performed to confirm sections of 40 m were cut in a cryostat at20
C, mounted in PBSV
on slides, air dried, frozen, and stored at 80
C until use. Subsetsthat the pattern of BDNF recombination was the same as that seen
in Rosa-26 reporter mice. An antisense probe was produced by of the sections were stained with methyl green pyronine-Y (MGPY)
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for analysis of electrode placement, which was performed without mary antibody solution coincubated with the designated peptide
was applied to the sections. The remaining steps followed the stan-knowledge of genotype or experimental treatment. Only animals
with correct electrode placement in the amygdala were included in dard protocol of immunohistochemistry.
the statistical analysis. All kindling data are presented as mean 
SEM and analyzed by one-way ANOVA with post hoc Bonferroni’s Kainic Acid Treatment
test. Like kindling, kainic acid-induced status epilepticus is an animal
model of limbic epilepsy (Tanaka et al., 1982; Tremblay and Ben-
Ari, 1984). Although the early stages of epileptogenesis are lessElectroshock-Induced Seizures
easily quantitated in this model than with the kindling model, kainicOne or two drops of local anesthetic (lidocaine, 1%) were placed
acid-induced status epilepticus is much less labor intensive thanin each conjunctiva. Approximately 30–60 s later, the animal was
the kindling model, and it evokes increased expression of BDNFpicked up gently, a cup electrode was placed over each cornea,
(Dugich-Djordjevic et al., 1992; Yan et al., 1997; Rudge et al., 1998;and current was administered (Wahlquist Instrument Co., Salt Lake
Katoh-Semba et al., 1999; Scarisbrick et al., 1999; Saarelainen etCity, UT). To induce maximal seizures, a stimulus of 200 mA at 60 Hz
al., 2001; Shetty et al., 2003) and increased p-Trk immunoreactivityfor a duration of 200 ms was administered. Seizure onset occurred
(Binder et al., 1999a; Danzer et al., 2004). Because of the greatervirtually instantaneously with the onset of current flow. The duration
ease of inducing limbic seizures with kainic acid, this model wasof tonic hindlimb flexion, tonic hindlimb extension, and time to re-
used instead of kindling in some experiments. BDNF/ and /covery were recorded. To induce minimal seizures, an initial stimulus
mice were injected with kainic acid (15 mg/kg, i.p.) dissolved inof 5 mA at 60 Hz for a duration of 200 ms was administered, and
saline or with saline alone. The animals were observed continuouslyadditional stimuli of 2 mA increments were administered at 30 min
for behavioral seizures after injection. Additional injections of kainicintervals until a seizure occurred. Seizure onset was immediate, and
acid were administered to mice that did not exhibit a behavioralthe initial phase that was observed in all animals consisted of flexion
seizure of class 4 or greater during 1 hr following the first injection.of the head with head nodding and face clonus and clonus of all
Pentobarbital (10 mg/kg, i.p.) was given to terminate status epilep-four extremities; the duration was similar among all animals. Later
ticus after 4 hr of continuous seizure activity. Both kainic acid- andstages of the seizures varied in pattern and duration. The investiga-
saline-treated mice were decapitated 24 hr after the first injectiontor who evaluated seizure pattern and duration was blinded to ge-
under deep pentobarbital anesthesia.notype.
Hippocampal Homogenate PreparationBDNF and p-Trk Immunohistochemistry
Following decapitation, the mouse head was quickly dipped intoAn affinity-purified rabbit anti-BDNF polyclonal antibody (0.3 g/ml;
liquid nitrogen for 4 s to rapidly cool the brain. Two hippocampia gift of Amgen) recognizing recombinant human BDNF was used
from each animal were dissected on ice and homogenized in lysisfor BDNF immunohistochemistry. The specificity of this rabbit poly-
buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 1% Igepal, 10% glycerol,clonal anti-BDNF antibody for BDNF was established by sequential
1 mM sodium orthovanadate, 1 mM phenylmethylsulfonylfluoride,affinity purification and verified by elimination of immunoreactivity
and one Complete Mini protease inhibitor tablet [10 ml; Roche,in BDNF null mice (Yan et al., 1997). Antibody pY490, a peptide
Mannheim, Germany]). In some experiments, the hippocampi wereaffinity-purified polyclonal Trk antibody raised in rabbits (1:10; New
isolated, sectioned with a McIlwain Tissue Chopper (400 m) in aEngland Biolabs, Beverly, MA), directed against a synthetic phos-
plane perpendicular to the longitudinal axis of the hippocampus,pho-Y 490 peptide corresponding to residues 485 to 493 (IENP
and dissected into dentate gyrus, CA3, and CA1 prior to homogeni-QY*FSD) of human TrkA was used to detect the phosphorylated
zation as previously described (Kraus et al., 1994). The pellet wasform of Trk receptor following the protocol described previously
discarded following centrifugation at 16,000 g for 10 min, and the(Binder et al., 1999a; He et al., 2002). The signals of both BDNF
supernatant was aliquoted and stored at80
C for further biochemi-and phospho-Trk (p-Trk) immunoreactivities were amplified by ABC
cal analysis.method and visualized by diaminobenzidine development and were
done in nearby sections from the same brains. For BDNF immunohis-
Immunoprecipitation and Western Blottochemistry, an antigen retrieval method was used to enhance BDNF
For immunoprecipitation experiments, 500 g of hippocampal ho-detection. Sections were incubated in 20 mM Tris-HCl (pH 9.0) and
mogenate from each animal was incubated with 15 l of pY490150 mM NaCl at 85
C for 30 min. For p-Trk immunohistochemistry,
primary antibody for 4 hr at 4
C. Immunoprecipitated proteins weretwo ABC incubations and biotinyl tyramide (1:100 in PBSV with 5%
collected from pellets by centrifugation at 1000 g for 5 min after annormal goat serum, applied between two ABC reactions [Bio-Rad,
overnight incubation with 30l protein A/G beads (Pierce, Rockford,Richmond, CA]) were used to increase p-Trk immunoreactivity. To
IL). Pellets were washed three times in lysis buffer and once in dH2O,facilitate quantitative comparisons, sections isolated from stimu-
resuspended in sample loading buffer, and boiled for 5 min beforelated and unstimulated animals of different genotypes were pro-
SDS-PAGE, transfer, and immunoblotting on polyvinylidene fluoridecessed in batches within the same Coplin jars using the identical
(PVDF) membrane (Millipore, Bedford, MA) as recommended by thesolutions and durations of incubations, washes, etc. p-Trk immuno-
manufacturer. The membrane was blocked with 3% nonfat dry milkreactivity was quantified by a densitometric method as reported
in 1	PBS buffer containing 1 mM sodium orthovanadate and 0.05%previously (He et al., 2002). Briefly, images of the p-Trk immunoreac-
Tween 20, probed with mouse anti-TrkB Ab (1:1000; BD Transduc-tivity were captured and measured with a computer-assisted image
tion Laboratories) for 1 hr at room temperature followed by peroxi-analyzer. The gray values from distinct subregions were compared
dase-conjugated goat anti-mouse secondary antibodies (1:1000;with that in corpus callosum, which had less variation and higher
Jackson Immunoresearch) for another hour. The immunoblots weregray value, reflecting less immunoreactivity, thereby permitting each
developed with enhanced chemiluminescence (ECL; Amershamanimal to serve as its own control. The results are presented as
Pharmacia, Buckinghamshire, UK).relative p-Trk immunoreactivity, which reflects the percentage of
To quantitate TrkB protein expression in some experiments, PVDFreduction in gray value, higher reduction reflecting more p-Trk im-
membrane was developed by ECL plus and exposed to ImageQuantmunoreactivity. Data are mean  SEM and analyzed by one-way
phosphoimager (Molecular Dynamics, Sunnyvale, CA). Band inten-ANOVA with post hoc Bonferroni’s test.
sity was determined using volume quantification. A standard curveTo examine the specificity of antibodies in immunohistochemical
was generated by loading different amounts of hippocampal ho-detection, peptide competition experiments were performed. The
mogenate. Measurements from all samples fell within the linearimmunogen used to raise the pY490 Ab, the phosphorylated form
range of the standard curve and were then analyzed by one-wayof peptide 490 (p-490; 300 nM; New England Biolabs, Beverly, MA),
ANOVA.or a negative control peptide, the unphosphorylated form of peptide
490, were used to confirm the specificity of the p-Trk immunoreactiv-
ity. The peptides that were used for competition were preincubated NT-3, NT-4, and BDNF ELISA
A specific sandwich Emax ImmunoAssay system (Promega, Madison,at room temperature with the primary antibody solution for 1 hr.
After slides were quenched, blocked, and permeabilized, the pri- WI), with a protocol of direct acid treatment for protein samples that
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can improve sensitivity (Okragly and Haak-Frendscho, 1997), was receptors: differential response to injury in the central and peripheral
nervous systems. Proc. Natl. Acad. Sci. USA 90, 4971–4975.used to determine NT-3, NT-4, and BDNF protein levels according to
manufacturer’s suggestion. Briefly, the supernatant of hippocampal Gall, C.M. (1993). Seizure-induced changes in neurotrophin expres-
homogenate was diluted with 4 volumes of Dulbecco’s PBS (DPBS), sion: implications for epilepsy. Exp. Neurol. 124, 150–166.
acid treated by the addition of 1 l 1 N HCl/50 l of sample to adjust
Goddard, G.V., McIntyre, D.C., and Leech, C.K. (1969). A permanent
the pH to less than 3.0, incubated for 15 min, and then neutralized
change in brain function resulting from daily electrical stimulation.
with 1 N NaOH to a pH approximating 7.6. The acid-treated protein
Exp. Neurol. 25, 295–330.
samples were added to the 96-well plate precoated with the primary
Golarai, G., and Sutula, T.P. (1996). Functional alterations in theantibody (anti-human NT-3 polyclonal Ab, 1:500, anti-human NT-4
dentate gyrus after induction of long-term potentiation, kindling,polyclonal Ab, 1:250, anti-BDNF monoclonal Ab, 1:1000, respec-
and mossy fiber sprouting. J. Neurophysiol. 75, 343–353.tively) in carbonate coating buffer (pH 9.7) overnight at 4
C and
Gowers, W.R. (1881). Epilepsy and Other Chronic Convulsive Dis-blocked by 1	 block and sample buffer for 1 hr. After an incubation
eases (London: Churchill).of 6 hr at room temperature with shaking, a secondary antibody
(anti-NT-3 monoclonal Ab, 1:4000, anti-NT-4 monoclonal Ab, 1:5000, Gu, H., Marth, J.D., Orban, P.C., Mossmann, H., and Rajewsky, K.
anti-human BDNF polyclonal Ab, 1:500, respectively) was added to (1994). Deletion of a DNA polymerase beta gene segment in T cells
thoroughly washed wells and incubated overnight at 4
C. Horserad- using cell type-specific gene targeting. Science 265, 103–106.
ish peroxidase-conjugated detection antibody (anti-mouse IgG for He, X.P., Minichiello, L., Klein, R., and McNamara, J.O. (2002). Immu-
NT-3 and NT-4, 1:100; anti-IgY for BDNF, 1:200) was added to wells nohistochemical evidence of seizure-induced activation of trkB re-
and incubated for 2.5 hr at room temperature. Color development ceptors in the mossy fiber pathway of adult mouse hippocampus.
was achieved by reaction with a tetramethylbenzidine (TMB)-peroxi- J. Neurosci. 22, 7502–7508.
dase solution and terminated after 10 min with 1 N HCl. Optical
Holmes, K.H., Bilkey, D.K., Laverty, R., and Goddard, G.V. (1990).absorbance was read at 450 nm with a microplate reader, and the
The N-methyl-D-aspartate antagonists aminophosphonovalerateimmunoreactivity was determined by comparison to a standard
and carboxypiperazinephosphonate retard the development and ex-curve. All ELISA results are presented as mean SEM and analyzed
pression of kindled seizures. Brain Res. 506, 227–235.by one-way ANOVA with post hoc Bonferroni’s test.
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